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Abstract 



Quantum teleportation using neutral pseudoscalar mesons shows novel connections between par- 
ticle physics and quantum information. The projection basis, which is crucial in the teleportation 
process, is determined by the conservation laws of particle physics, and is different from the Bell 
basis, as in the usual case. Here we show that one can verify the teleportation process by CP 
measurement. This method significantly simplifies the high energy quantum teleportation protocol. 
Especially, it is rigorous, and is independent of whether CP is violated in weak decays. This method 
can also be applied to general verification of Einstein- Podolsky- Rosen correlations in particle physics. 

PACS numbers: 14.40.Aq, 13.90.-H, 03.67.Mn. 



It has been suggested that a K K pair in an entangled state can be produced from the strong decay of a 4> meson 
generated in electron-positron annihilation, or from a proton-antiproton collision, and that a similarly entangled 
B a B a pair can be produced from T(AS) resonance [E S S 0|- Experimental results consistent with the existence 
of entanglement has been demonstrated in K°K° pairs produced in proton-antiproton annihilation in the CPLEAR 
detector in CERN [H], in K°K° pairs produced in <j> decay in the KLOE detector in DA<E>NE [1,01 , as well as in B°B° 
pairs produced in the Belle detector in the KEKB electron-positron collider [§, Q . Recently, the proposal was made to 
use neutral kaons to realize such quantum information processes as quantum teleportation and entanglement swapping 
in the regime of high energy physics [1 01 ] . In this proposal, the process is verified by measuring the strangeness ratio of 
the particle to which the state is teleported, or the strangeness asymmetry of the two particles to which the entangled 
state is swapped. In this Letter, we point out that one can also use measurement in the CP basis to verify quantum 
teleportation or entanglement swapping, as well as to verify Einstein-Podolsky-Rosen correlations in general. The 
proposal and the verification methods can also be implemented in other neutral pseudoscalar mesons. 



For any neutral pseudoscalar meson M° and its antiparticle M°, both with J p = , an entangled state can be 
produced from a source with J PC = \— . M° can be K° = (ds), B° = (db), B° s = {bs) or D° = (uc). \M°) and \M°) 
are eigenstates of parity P with eigenvalues —1 and also eigenstates of its characteristic flavor T with eigenvalues 
1 and —1, respectively. T is strangeness for kaons, beauty for B- mesons and charm for D- mesons, respectively. 
For £? s -mesons, T can be chosen to be strangeness or beauty (with minus sign). We have C\M°) = — \M°) and 
C\M°) = -|M°). Thus the eigenstates of CP are 



with eigenvalues +1 and —1, respectively. Under weak interactions, the lifetime-mass eigenstates are \Msl) and 
\Mlh), with eigenvalues Xsl — rnsL ~ i^sl/^ and Xlh = tulh — where the subscript SL means short 

lifetime and light mass, while LH means long lifetime and heavy mass. Usually, the first subscript is used for kaons 
while the second subscript is used for i3-mesons, as kaons differ mainly in lifetimes while i?-mesons differ mainly in 
masses. Here we write both subscripts for a general discussion. In terms of the proper time r, the weak decay is 
described as \M sl {t)) = e- iXsLT \M SL ) and \M LH (r)) = eT iXLHT \M LH ) . \M SL ) and \M LH ) are related to CP and 



1 Introduction 



2 Entangled mesons 
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strangeness eigenstates as 



\Mlh) = ^ T i=(|M_)+e|M + )) 

= 71 |4 , 2 (p|M°)-g|M°)), 
Vbr+kr 



(1) 



where e is the parameter characterizing CP violation, p = 1 + e and q = 1 — e. The magnitude of e is of the order of 
1(T 3 . 

The entangled state with J PC = 1 , written in terms of the three bases respectively, is 

I*-) = ^(\M°)\M Q )-\M°)\M°)) (2) 
= -L(|M_)|Af+)-|M+)|M_)) (3) 
= -J=(|M Lif )|MsL) - |M Si )|M Lff ». (4) 

where r = {\p\ 2 + \q\ 2 )/2pq = (1 + |e| 2 )/(l - e 2 ). 

It is remarkable that in the CP basis, |\&_) is also a singlet strictly, and there is no dependence on the CP violation 
parameter, which only appears in the expression in the lifetime-mass basis. It should be noted that |M + ) and \M—) 
are orthogonal to each other, and are exactly distinguished by different values of CP, while \Msl) and \Mlh) are not 
orthogonal to each other as a consequence of CP violation. This makes it advantageous to use the CP basis, rather 
than the weak basis, to do measurements. 

In actual experiments, identification of \M + ) and |M_) is made by the modes of nonleptonic decays, i.e. a M + 
decays to 2ir while a M_ decays to 3tt. On the other hand, although the physical states in free propagation are \Msl) 
and \Mlh), they cannot be exactly identified due to CP violation. In the so-called passive measurement of lifetime, 
one identifies the mesons that decay between r and r + At as \Msl) and those decaying later as \Mlh)i by choosing 
the appropriate r and At [HQ. There is always nonzero misidentification probability. Also, it relies on the significant 
difference between Tsl and Tlh and hence does not apply to other cases such as B-mesons. Furthermore, one has 
to exclude the semileptonic decays, which are in the flavor basis. To do this, one has to look into the details of the 
decays. But the nonleptonic decays are just in the CP basis. Therefore we would rather abandon the identification 
in the lifetime-mass basis. 

3 High energy quantum teleportation 

In the following we first review the proposal of high energy teleportation and entanglement swapping. For the 
general case of M- mesons, one can extend the calculation results in Ref. [10| by replacing T$ and Tl with iXsl and 
i^LH respectively, as the mass difference for kaons has been neglected there. 

Suppose two mesons labeled by a and b are produced in state \^-} at time t = 0, in the laboratory frame that 
coincides with the center of mass frame. At time t, the state becomes 

|*„6(t)> = M(i)|¥_) o6 , (5) 



where M(t) = exp[— i(Asl + Xlh)% 1 t]. 7* is the Lorentz factor 1/^1 — v f for particle i with velocity Vi- It has been 
assumed that j a — 7b- A third kaon c is generated at time t z , with |^ , c (iz)) = a|M°) c + (3\M°) C ; thus 

|* c (t)) - C(t)\M SL ) c + B{t)\M LH ) c (6) 

= D(t)\M + ) c + E(t)\M_) c , (7) 

= F(t)\M°) c + G(t)\M°) c (8) 

where 



[ l + e + l-e )e 
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B(t) - V /l + |e|2 f a L^e-^LHio^t-U) 

D(t) = ^=(— + _^-) e -^7e- l (*-*.) + _L(^ ^_ )e -a^ 7 -( t -t») 

£( t ) = + J-) e -^T.^{t-^) + _L(_2 ^ )e -^ H7c - 1 (t-*,) j 

W \/2 V l + e 1-e V2 1 + e 1-e 

F(t) = ~[(a + ) e -^7 c - 1 (*-* a ) + ( Q _ / jl±!) e -iA tH7 c- 1 (*-t«)] ) 

G(t) = ~[(a— - + /3)e- <A s i i , «" I ( t -*-) - (a— - - /3) e - <AlH7 «~ 1 < t - 1 '>]. 



2 LV 1 + e 

The state of the three particles is thus 



|*ea6(t)> = l*c(*)) ® |*o6(*)). (9) 



We let a and c fly in opposite directions and towards each other; hence, they collide at a certain position a; at a certain 
time t x . The collision can be represented as a unitary transformation S on c— a, in a negligible time duration <5 much 
shorter than the lifetimes of weak decay. After the c — a collision, the state of the three kaons can be written as 

\^ cab (t x + 5)) = MM{V2F(^)<S|^) co |M°) 6 

-V2G(t x )S\4> 2 )ca\M°) b nm 
-<S|0 3 )ca[F(y|M°) b - G(t x )\M°) b ] 1 j 

-5|0 4 ) C a[F(^)|A/ o ) b + G(t x )\M°) b }}, 

where the \<j>i) are eigenstates of parity P, strangeness S and isospin I; \<j>i) = \M M ) with P = 1, 5 = 2 and 7=1; 
|02) = |A?°M°) with P=1,S= -2 and 1 = 1; |0 3 ) = |*+) = -±=(\M°)\M°) + \M°)\M }), with P = 1, S = and 
1 = 1. Furthermore, \(j>4.) = with P = —1, S — and 7 = 0. <S|</>i) is also an eigenstate of S, P and I with the 
same eigenvalue as \4>i), because S conserves S, P and I, as governed by the strong interaction. 

The outcomes of the c—a collision are detected by using interaction with nuclear matter. Hence the state is projected 
in the basis {S\<fii)}. Conditioned on this projection, b is known to be, correspondingly, in one of the four states \M ) b , 
\M°) b , {F(t x )\M°) b -G(t x )\M a ) b }/^\F(t x )\2 + \G(t x )\2, [F(t x )\M ) b +G(t x )\M°) b ]/^\F(t x )\^ + \G(t x )\ 2 . If and only 
if the outgoing particles of the c — a collision are detected to be with P = —1, S = and 1 = 0, then is the b particle 
retained and known to be in state [F(t x )\M°) b + G(t x )\M°) b ]/ y/\F(t x )\ 2 + \G(t x )\ 2 , which is just the state of c before 
collision. This completes the teleportation from c to b. The four possible states of b at t x + 5, after knowing the four 
possible outcomes of the c—a collision, can be verified by measuring the flavor ratio of b, as suggested in Ref. (Ir3 |. 

Now we review entanglement swapping. In addition to \^^) ab generated at time t = 0, another meson pair d and 
c is generated as |\&_),jc at t z . Consequently, 

|**afc(*)) = M'(t - t z )Af(i)|*_) dc |*_) ab , (11) 

where M'[t — t z ) = exp[— i(\.sL + ^LH)7d (t — *«)L supposing j c = 7^. Let c and a fly towards each other to collide 
at a certain time t x . Within a negligible time interval 5, the collision brings about a unitary transformation S on 
c — a\ therefore 



\^dcab{t x +8)) = M ^ )M{t *\ S\* + ) ca j fr H 

-«S|*_) ca |*_) d6 

-S\M M°) ca \M°M ) db 

-S\M M ) ca \M M°} db ), 



(12) 



where 



l* + )ca = -±=(\M a ) c \M°) a + \M ) c \M°) a ) (13) 

= -j=(\M S L)c\M S L)a - \M LH )c\M LH ) a ). (14) 
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Then, in measuring parity P, strangeness S and isospin I of the outgoing particles from the c — a collision, c and a 
are projected to one of the four states iS|\P+) CQ , 5|^'_) ca , S\M°M°) ca and S\M°M°) ca . Correspondingly, d and b are 
projected to \^ + )db, \*f>-)db, \M°M°) db and \M°M°) db , respectively. Accordingly one chooses to retain or abandon 
the b particle. The success of entanglement swapping can be verified by measuring the flavor asymmetry between the 
d and b particles, as suggested in Ref. (loj . 



4 CP measurement 



4.1 Teleportation 

Now we propose that the effect of teleportation and entanglement swapping can both be verified by measurement 
in the CP basis. First we discuss the verification of the effect of teleportation. In the teleportation scheme outlined 
above, the state of b, after knowing the outcomes of the c — a collision, can be verified in the CP basis. One measures 
the ratio r\ between the probabilities for b to be in |M+) and in |M_). For 

|*(* >tx + S)) b = u+(t)\M + ) b + u-(t)\M-) b , 



= |2 



Many runs of the procedure, or many copies of b particles in a beam, are needed to determine this quantity. 

If irrespective of the outcome of the c — a collision, b particles in different runs of the experiment are all considered in 
measuring r)(t), then rj(t) should be calculated by using \^ C ab{t)), given in Eq. ([9]). Because b is maximally entangled 
with a, it can be found that rj b (t) — 1. In contrast, if only b particles in those runs of the experiment with a certain 
projection result of c — a are considered in measuring rj(t), then rj(t) is calculated by using the corresponding projected 
state of b, as seen in Eq. (fT0|) . Denote the state of b following the projection as a'\M°) + j3'\M°). Its subsequent 
evolution in the CP basis is then similar to Eq. I|T|). with t z substituted for by t x + 8, 7 C by 7^, a by a' and (3 by (3' . 
It can be found that 

(jsL + JL) + e (_2L @L) e - 

n\ I ^ 1+e 1— e'^l+e l-e/ e 
Vb{t) = 



fc vi+e ^ 1-e/ ^ U+e 



iAXr 



where t = j b 1 (t — t x — d) and AA = \lh ~ ^sl = Am — zAr, with Am = tulh ~~ m SL and Ar = T^h — 
For each of the four projection cases, r] b (t) is very different from 1. If c — a projects to S\M°M°), then 



,1-ee 



jAAt 



If c - a projects to S\M°M°), then 
If c — a projects to £>|\I/+), then 

Vb(t) 



Vb 



2 



,— iAAr 



e + e- iAAr 



( F{t*) _ Gfeh , rf F('.) 1 gfa) y-iAAr 
I V 1+6 1-e /" rt: V 1+e "T" 1-e i c I 

' F f£M _ £M*| + f£M + ££U V"^At 1 
t( - 1 + e 1-e I ' \ 1 + e ' 1-e ^ e 



If c — a projects to <S|^_), i.e. the teleportation is successful, then 

1 V 1+e ^ 1-e /^ fc V i + e 1-e > c 



Vb(t) 



fc V 1+e 1-e / -r V 1 + e 1-e ' e 



5 



4.2 Entanglement swapping 



Now we turn to entanglement swapping, which can also be verified by measurement in the CP basis. One can 
measure CP asymmetry between b and d, defined as 

A ( + \ _ Pd,cp{t) - Ps,cp{t) 
Pd,cp(t) +p s ,cp{t) 

where Pd,cp{t) and p s , C p(t) are, respectively, the probabilities for b and d to have different and the same values of 
CP [Bj]. Many runs of the experiment, or many copies of the particles in a beam, are needed to experimentally 
determine A cp (t) . If all the d—b pairs in different runs are considered, irrespective of the projection results of c — a, it 
can be found that A cp {t) = 0, as calculated from |$ dcab{t)) , by (j4|), (O and (fTT|) . In contrast, if only those d — b pairs 
corresponding to a certain projection result of the c — a collision are considered, then A cp (t) is calculated by using 
the corresponding projected state of d and 6, as determined from \^>dcab(t x + S)) given in Eq. (fT2"| . In the following, 
we give calculations for the four cases of projection. 

Case 1. If at t = t x + S, c and a are projected to S|\&+} co , then 



|*(* > t x + 8)) db = ^=[e-* Xs ^+*s™)\M SL ) d \M SL ) b - e-^ T * +x ^\M LH ) d \M LH ) b ] 

= ^ 2 M ^ ~ h)(\ M - M +) + \ M + M -)) + ( £2 A " h)\M-MJ) + (/i - e 2 / 2 )|M + M+>], 
V2(l - t z ) 

where r d = j^(t -t x - 5), n = 7~ 1 (i -t x - 5), fi = e ~ t{ - XsLTd+XsLTb \ f 2 = e -^ XLHTd+XLHTb \ As d and b originate 
from different sources, j d and j b may be different. Consequently 

>t | -(l + a e0 ) 2 (l + e - Ar ^+^))-2^ +e -^^+^)cosAm(r rf + T b ) 

CP ! + e -Ar ( r d +r b ) -2a2 e -¥(^+u)cosAm(r d + T 6 ) 

where we have used rephase-invariant CP-violating observables [ll| 

2i?ee 2ime 



l + |e| 2 ' e+ 1 + kl 2 ' 

which characterize indirect CP violation and mixing-induced CP violation, respectively, and the third quantity a e o = 
— 2 1 e | 2 / ( 1 + |e| 2 ), which is related to a e and a e + through (1 + a c o) 2 + a 2 + = 1 — a 2 [HI]. As CP violation is small in 
the neutral meson system, a e << 1, a c + << 1, and thus a e o << 1. Therefore A cp is close to —1. 

Case 2. If at t = t x + S, c and a are projected to S\9-) C a, i.e. the entanglement swapping is successful, then for 
t > t x + S, 

|*(* > U + S)) db = ^[ e -^ x ^+ x s^\M LH ) d \M SL ) b - e-^^ +x ^^\M SL ) d \M LH ) b ], 
-[( 91 - e 2 g 2 )\M_M+) + e( gi - <? 2 )(|M_M_) + \M+M+)) + (e 2 . 9l - 52 )|M+M_)], 



V2(l-e 2 )' 

where 51 = e -*(^»T < t+A S i-n,) j g2 _ g-tCAsz.Td+Az.jm^ Consequently 



A cp (t > t x + <5) 



(1 + a £0 ) 2 (l + e - Ar (^-^)) + 2a 2 + e~ — C^-^) cos Am(r d - 71) 
1 + e - Ar (^- T ") - 2a 2 e"Tr iXd-r b ) cos Am(T d - n) 



which is close to 1. 

Case 3. If at t = t x + 5, c and a are projected to S\M °M°) ca , then for t > t x + 5, 



1 + kl 2 



|* (t > + *)>•» = on \A fi\MsL)d\M S L)b ~ 92\M S L}d\M LH }b - 9i\M LH ) d\M SL )b + f2\M LH }d\M LH }b} 
2(1 -ey 

' [(/1 - e.92 - eg x + e 2 f 2 )\M+M+) + {eh -g 3 - e 2 9l + e/ 2 )|M+M_) 



2(1 -e) 

+(e/i - e 2 52 - 3l + e/ 2 )|M_M+) + (e 2 /j - e 52 - e 5l + / 2 )|M_M_ 
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Consequently, A cp (t > t x + S) = {2a e+ [(l - \e\ 2 )e" 2FsLTd - e - 2TLHTd ]e^ {TLH+TsL "> Tb sin Amr b + 
2a e+ [e- 2rs - tri ' - (1 - |e| 2 )e~ 2ri " rb ]e~ (ri " +rsi)Td sinAmT d + 2aAe\ 2 (e-^ 2TsLTb+(TLH+Ts ^ Td ^ cos Amr d + 
e -[2r LH r d +(r L „+r SL )r b ] C0S A?7ir fc ) + 4a 2 + (l + | e | 2 ) e -(rtH+r S i,)(r ti +T i) ) CQS Amr d cos A77ir fc }/{(1 + | e | 2 )( e - r si(^+r i) ) + 
e -CrsLTd+TLHT b ) e -r iH h+Ti,) e -(r 1H T d +r SL T|,)j _ 2a e [(l + |e| 2 )e _2rs - LT<i + e~ 2TLHTd ]e~( rLH+TsL ' )Tb cos Amrj — 
2a e [(l + |e| 2 )e- 2ri * fTi ' + e - 2r si^] e -(riH+r S t)T <icosAmT[i + 2 a e+ |e| 2 (e-l 2rsiTb+ ( riH+rsi > d ] sin Amr d - 
e -[2r LH r d +(r L „+r SL )r b ] gin AmT ^ + 4a 2^ + |e| 2 )e-( r£ »+ rsi )( T "+ 7 i') cos Amrd cos Amn}, which has been writ- 
ten in terms of rephase-invariant quantities a e and a e +, as well as |e| 2 , which can be substituted as — a c o/(2 + a e o). 
In this case, A cp is close to 0. 

Case 4- If at t = t x + 5, c and a are projected to S\M°M°) ca , then for t > t x + S, 

|*(t > *» + «)>«ft = ^T7^2 [/i|M SL )d|AJsL) 6 + 3 2 |M Si ) d |M ifl -) 6 + g 1 1 Ml u)d\ Ms Ljb + f2\M LH ) d \M LH ) b ] 
2(1 + e) z 

= onl x 2 [(/i + e -92 + £ 5i + e 2 f 2 )\M + M+) + (e/x + ,g 2 + e 2 5l + e/ 2 )|M+M_) 
2(1 + e)^ 

+ + e 2 .92 + .91 + ef 2 )\M_M + ) + (e 2 / a + e 52 + e 5l + / 2 )|M_M_)]. 

Consequently, A cp (t > t x + 8) = {2a e+ (l - |e| 2 )[(e _2r ' i * T1 " - e - 2r st^) e -(r L „+r SI ,)r d gin & mTd + ( e -2r LH r d _ 
e -2T SL T d ^ e -(T LH +v SL )T h sin Amr 6 ] +4a 2 + (l + | e | 2 ) e -( r tH+ r si)(^+ T i.) cos Amr d cos Ar7ir fc }/{(1 + \ e \ 2 )( e - rsL( - Td+Tb '> + 
e -(T S LT d +v LH T b ) + g-ri^CTd+T^g-CriHTd+rstTi,)^ + 2ae (i + |e| 2 )[(e _2rsiT<i + e~ 2rLHTd )e~ {TLH+TsL)Tb cos I\mT b + 
( e -2r LH T b + e -2r S£ T i ,)g-(rx,H+r Si )T <J cos Amr d + 4a 2 (l + |e| 2 )e"( ri - ff+rsi ')( Tti+rt ') cos Amr rf cos Amr 6 }, which has been 
written in terms of the rephase-invariant quantities a e and a e+ , as well as |e| 2 , which can be substituted for by 
— a e o/(2 + a e o). In this case, A cp is close to 0. 

Therefore, no matter whether the two lifetimes are considerably different from each other, and no matter whether 
CP is violated, the success of the entanglement swapping can be clearly distinguished from the other three cases of 
projection, as well as from the case of no projection, by measuring the CP asymmetry. Obviously, CP asymmetry can 
also be similarly used in verifying the general teleportation, in which the teleported kaons are entangled arbitrarily 
with other particles in an unknown way (loj . 

Certainly, CP asymmetry can also be used for verifying the Einstein-Podolsky-Rosen state \^-) generated in e + e~ 
or pp collisions, as in the CPLEAR and BELLE, where flavor asymmetries were measured. However, it should be 
noted that these asymmetry quantities, including the those measured in CPLEAR and BELLE experiments, are by 
no means rigorous proofs of entanglement, because it is easy to construct separated states with the same asymmetry 
as an entangled state. 



5 Summary 

To summarize, we have described a scheme of using measurement in the CP basis to verify quantum teleportation or 
entanglement swapping in terms of neutral pseudoscalar mesons. This method has several advantages. It is rigorous, 
and it remains valid in the presence of CP violation. It also works efficiently, clearly distinguishing the success case 
in teleportation or entanglement swapping from other cases. Furthermore, this method is much simpler than the 
flavor measurement using the strong basis. The latter needs nuclear matter to interact with the particles to be 
detected, while in the present method, only the decay modes need to be determined. This aspect brings high energy 
quantum information manipulation in general, and quantum teleportation or entanglement swapping in particular, 
closer to actual experimental implementation, which, however, should still need to overcome other serious difficulties, 
e.g. precise control of the timing, careful determination of collision outcomes, etc. Finally we emphasize that CP 
measurements can also be used in general tests of quantum mechanical effects in particle physics. 
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